Rust diseases cause significant reductions annually in yield of cereal crops worldwide. Traditional monoculture cropping systems apply significant selection pressure on the pathogen to cause rapid shifts in pathotypes. Plant breeders strive to stay ahead of the evolving pathogens by releasing new crop genotypes with new rust resistance genes or gene combinations. Owing to the limited number of known resistance genes and the lack of molecular understanding of the plantpathogen interaction, rusts remain challenging organisms to study, both at organismal and molecular levels. This review discusses recent progress by a number of laboratories towards better understanding the molecular component of rust disease resistance.
Introduction
Rust fungi (Uredinales) cause some of the most devastating plant diseases and comprise more than 7000 species in over 100 genera (Cummins & Hiratsuka, 2003) . The genus Puccinia, the largest in the Uredinales, is considered the most economically destructive genera of biotrophic fungi (Hooker, 1967) . Members of this genus are serious pathogens on all major cereal crop species except rice. Puccinia graminis is the causal agent of wheat stem rust (black rust); Puccinia striiformis, wheat stripe (yellow rust); Puccinia triticina, wheat leaf rust (brown rust); Puccinia sorghi & Puccinia polysora, maize leaf rust; and Puccinia hordei, barley leaf rust, to name just a few. A comprehensive list may be found at: http://www.cdl.umn.edu/introduction/hosts.html. Cereal rust fungi are well suited to incite serious epidemics because they can produce large numbers of infectious spores (urediniospores) that are adapted for aerial transport, and the crops they infect are often grown contiguously over large acreages. Severe leaf and stem rust epidemics have occurred frequently in the Great Plains of the United States during the last century and have reduced wheat (Triticum aestivum L.) yields by as much as 50% (Eversmeyer & Kramer, 2000) . Leaf rust is the most widespread and regularly occurring of any wheat disease and occurs wherever wheat is grown. In any given year, it probably causes the most damage of the wheat rusts on a worldwide basis (Samborski, 1985; Roelfs et al., 1992) . Leaf rust reduces not only yield but also adversely affects grain quality by reducing grain weight and increased levels of undesirable protein.
Genetic resistance remains the most economical and environmentally sound method of minimizing yield losses due to rust fungi. Development of wheat cultivars with longlasting leaf rust resistance has been complicated by the highly variable nature of P. triticina. Over 50 physiological pathogen races are typically detected each year in the United States (Long et al., 1998) . To date, more than 50 wheat-leaf-rust resistance (Lr) genes have been designated (Roelfs et al., 1992; McIntosh et al., 1995; Kolmer, 1996) . Because of the monoculture of wheat-producing areas, strong selection pressure is placed on the fungus, leading to the loss of effectiveness of many of these genes. Cultivars with initially high levels of rust resistance have been released, only to be overcome within a few years. Resistance to the rusts is a high priority in most cereal-breeding programs in the different growing regions of the world; however, there are distressingly few genes still available that can confer high-level disease resistance.
Plant--pathogen interactions
The infection process of cereal rust fungi has been closely examined in several species, but the molecular mechanisms are poorly understood (Staples, 2000) . The life cycle of P. graminis is illustrated in Fig. 1 . In most cases, the alternate host (barberry) is not found in wheat-growing regions and therefore, the fungus reproduces asexually. As a result, many of the isolates lack the ability to produce the sexual stages of the life cycle.
Germination and formation of infection structures are affected by chemical, temperature and surface contact responses. Thigmotropic responses to the topology of the leaf surface and negative phototropism help direct the germ tube to a stoma where an appressorium is produced over the stomatal aperture. A short peg then pushes through the opening and a vesicle forms in the substomatal cavity. Infection hyphae elongate from this and haustoria are formed from haustorial mother cells after hyphae contact leaf mesophyl cells. Haustoria penetrate the plant cell walls of the leaf interior and invaginate the plasma membrane of the infected cell. Pustules (uredinia) erupt through the epidermis on both leaf surfaces seven days postinfection. Newly produced asexual, dikaryotic (n1n), urediniospores are released from the pustules and serve as a source for secondary inocula on the same or neighboring plants throughout the growing season.
The Puccinia-T. aestivum pathosystem follows, in general, the gene-for-gene theory of Flor (1955) , which states that race specific effectors induce resistance responses only in a host plant variety carrying the corresponding resistance (R) gene. Disease will result in the absence of either or both of these gene products (Fig. 2) . Single genes in P. triticina condition avirulence to each of the 50 single resistance genes in wheat (Dyck & Samborski, 1970; Statler, 2000) . However, it is known that there are variations to the classic gene-forgene relationship, such as dominant inhibitors of avirulence (AVR) genes and a single gene conditioning avirulence to different resistance alleles at the same locus (Samborski & Dyck, 1968 , 1976 Dyck & Samborski, 1970 , 1974 . Most AVR genes in P. triticina are incompletely dominant, as isolates heterozygous for avirulence alleles often have slightly higher infection types compared with homozygous isolates. In turn, most leaf rust resistance genes in wheat are also incompletely dominant (Kolmer et al., 1995; McIntosh et al., 1995) , although some interactions with recessive avirulence and resistance genes have been noted (Kolmer & Dyck, 1994) .
Currently, six major classes of plant disease resistance genes have been cloned. The majority are members of the nucleotide binding-leucine rich repeat (NBS-LRR) class (reviewed in Hulbert et al., 2001) , which are thought to be cytoplasmic and interact with ligands (effectors) intracellularly (Boyes et al., 1998) . Map-based cloning has been used in isolating the cereal rust disease resistance genes Lr10, Lr21, Yr5, Yr10 from wheat (Feuillet et al., 2003; Huang et al., 2003; Ling et al., 2005 ; A. Laroche, unpublished GenBank Accession AF149114); Rpg1 and Rpg5 from barley (Brueggeman et al., 2002 (Brueggeman et al., , 2005 ; and Rp1-D from maize (Collins et al., 1999) . Sequence analysis has determined that most share conserved domains and belong to the NBS-LRR class of resistance genes, except for Rpg1, which contains only kinase domains.
The gene-for-gene theory was verified by two cases in which a plant resistance gene physically interacts with a corresponding pathogen effector. Effectors are pathogenderived molecules that trigger a number of induced plant defense responses, including activation of defense signal transduction pathways upon their recognition (Ellis et al., 2000) . Effectors are on the surface of the pathogen, intercellular or are excreted by the pathogen and belong to a wide range of chemical compounds including oligosaccharides, lipids, peptides and proteins (Montesano et al., 2003) . Nonspecific (general) effectors are recognized by both host and nonhost plants (Nürnberger, 1999) . Contrastingly, racespecific effectors are encoded by, or produced by the action of an AVR gene present in a particular race of the pathogen. The tomato Pto-kinase interacts directly with Pseudomonas syringae AvrPto in yeast two-hybrid screens (Tang et al., 1996) , and the rice Pi-ta protein was shown to interact physically with Magnaportha grisea Avr-Pi-ta in two-hybrid screens as well as in vitro binding assays (Jia et al., 2000) . Currently, Pi-ta is the only fungal-specific NBS-LRR gene in which the LRR domain has been shown to bind specifically the Avr-Pita effector. The lack of evidence for direct interaction between dozens of cloned R and Avr genes suggests that the plant-pathogen interaction model, where one R gene directly interacts with only one AVR gene, is probably overly simplistic.
The 'guard hypothesis' was developed from the bacterial pathogen Pseudomonas syringae-Arabidopsis pathosystem (van der Biezen & Jones, 1998; Dangl & Jones, 2001 ). The guard hypothesis adds a new level of complexity to the classical R-AVR interaction model by proposing a third, intermediate plant protein that interacts directly with pathogen-encoded protein(s) in the cytoplasm. Plant R proteins monitor or 'guard' against changes in the intermediate AVR target molecule. Plant defense responses are triggered when the R protein senses AVR-induced modifications to the target protein. Many bacterial pathogens, including Pseudomonas syringae, are thought to deliver their effectors directly into the host cell via the Type III secretion system (reviewed in Hueck, 1998; Gálan & Colmer, 1999; Kjemtrup et al., 2000) .
The Arabidopsis RIN4 gene (Mackey et al., 2002) has helped to strengthen the guard hypothesis model. RIN4 is a member of a signal transduction cascade that is modified by three different Pseudomonas syringae effectors, AvrB, AvrRpm1 and AvrRpt2, and two Arabidopsis resistance proteins: RPM1 and RPS2 (reviewed in Marathe & DineshKumar, 2003) . AvrB and AvrRpm1 induce hyperphosphorylation of RIN4 and it is suspected that RPM1 monitors phosphorylation of RIN4 protein as a trigger to the defense response. Mackey et al. (2003) demonstrated that binding of AvrRpt2 causes the disappearance of RIN4, occurring independent of the NBS-LRR resistance protein RPS2. Interestingly, no physical interaction occurs between RPS2 and AvrRpt2, but direct physical interactions have been shown, in planta, between RPS2 and RIN4 (Axtell & Staskawicz, 2003; Mackey et al., 2003) . The barley RAR1 is highly conserved in plant species, suggesting its importance in signal transduction. RAR1 gene and its homologues, in both plants and eukaryotes, have been well studied (reviewed in Panstruga & Schulze-Lefert, 2002; Martin et al., 2003) . The function of a number of different plant disease R genes is dependent on the presence of RAR1, while other R gene pathways are RAR1-independent and require different signaling components in order to trigger defense. Elucidation of these pathways and their interacting players continues.
It is believed that haustoria are the primary source of nutrient uptake in rust fungi (Hahn & Mendgen, 2001) and are the controlling factors for host responses (Voegele & Mendgen, 2003; reviewed in Ellis et al., 2006) . Much remains to be learned, however, about which molecules are moved across this fungal/plant interface and how this movement is accomplished. Avirulence elicitors have been recently identified in the flax rust Melampsora lini . Using cDNA sequencing, 21 haustorially expressed secreted proteins were isolated based on secretion signal motifs in the N terminal portion of the amino acid sequence. One of the proteins was AvrL567, known to induce the cytoplasmic hypersensitive response in flax with resistance genes L5, L6 and L7 (Dodds et al., 2004) . Three other proteins cosegretated with the AvrM, AvrP4 and AvrP123 loci. AvrP4 and Avr123 contain Cys-rich proteins but AvrM does not. AvrP4 and AvrM induce HR both intracellularly and when secreted suggesting that both can be moved in and out of the cell.
Mutagenesis, genomics and proteomics of cereal rusts
For many years, geneticists have relied on mutagenesis, either spontaneous or induced, as an invaluable tool used to study gene function in a number of different organisms. The dominant or codominant nature of AVR genes and an extreme fitness disadvantage on hosts containing the corresponding R gene provide strong positive selection for mutants that can be applied on huge populations of propagules. In theory, both copies of an AVR gene would need to be mutated to observe a change in phenotype. However, heterozygous AVR genes of P. triticina have an intermediate phenotype, indicating that mutation of one of the homozygous genes could be phenotypically visualized (Kolmer & Dyck, 1994) .
Insertional mutagenesis has provided an agent with an efficient means for isolating the mutagenized sequences. Plasmid insertion and restriction-enzyme-mediated-integration (REMI) (Schiestl & Petes, 1991; Kuspa & Loomis, 1992) are methods that permit random disruption of genes. Plasmid rescue has proven successful in experiments with several imperfect fungi (Yang et al., 1996) . Toxin-deficient mutants of Alternaria alternata were generated (Tanaka et al., 1999) , as well as promoter tagging in Aspergillus niger (Schuster & Connelley, 1999) . Cercosporin-toxin-deficient mutants were produced using plasmid tagging in the asexual phytopathogenic fungus Cercospora nicotianae (Chung et al., 2003) . Transposon tagging has not proven suitable despite its success in eukaryotic and bacterial systems (Riggle & Kumamoto, 1998) .
Prospects for transformation of rust fungi
The typical Puccinia genome is relatively larger than most experimental Ascomycete fungi, making them amenable to molecular and genetic analysis. The Puccinia graminis f.sp. tritici genome was estimated to be 67 Mb by reassociation kinetics (Backlund & Szabo, 1993) , and approximately 90 Mb by DNA sequencing (L.J. Szabo, unpublished). Using flow cytometry, Eliam et al. (1994) estimated the genome of P. triticina to be one-third larger than P. graminis, resulting in a genome size of 120 Mb. Genomic tools are now becoming available. Only 205 ESTs from the genera are currently in GenBank (source www.ncbi.nlm.nih.gov/ dbEST); however, a large number of clones from cDNA libraries have been sequenced to construct a P. triticina EST database that will soon become publicly available (G. Bakkeren et al., unpublished data) . Bacterial artificial chromosome (BAC) libraries have been made for P. striiformis (Ling et al., 2005) and P. triticina (G. Bakkeren et al., unpublished) as well as cosmid libraries from both P. graminis f. sp. tritici (L.J. Szabo, unpublished) and P. triticina (J.P. Fellers, unpublished). Within the last year, the genome of wheat stem rust fungus, P. graminis f. sp. tritici, has been sequenced (Szabo, Cuomo & Dean, 2004 NSF Award #0412264) . Approximately 60 000 EST sequences from 30 000 cDNA clones have been generated. Interestingly, less than a third of the ESTs show significant similarity to known genes in the databases (L.J. Szabo, unpublished).
There have been some recent gains in the molecular understanding of Puccinia. Using cDNA subtraction, several novel in planta infection-induced genes (PIGs) were identified from P. triticina with homologies to known bean rust PIGs and disease-related genes in other fungi (Thara et al., 2003) . Zhang & coworkers (2003) used a cDNA-AFLPs approach to identify over 20 differentially expressed leaf rust cDNA fragments. Four of the fragments had significant homologies to a fungal chitinase, a sorbitol utilization protein, an arabinitol dehydrogenase and a proteasome-regulatory unit; however, none were identified as being effectors. Rampitsch et al. (2006) identified 22 fungal proteins using two-dimensional polyacrylamide gels and mass spectrophotometry. Owing to limited sequence and biochemical knowledge, however, their function could not be assigned.
Stable transformation of most obligate biotrophic plant pathogens has been difficult, mainly due to the lack of good selectable markers that can be applied while the fungus is growing inside the plant. Stable transformation of Erysiphe graminis, the causal agent of powdery mildew disease on barley, has been reported, however (Chaure et al., 2000) .
Transient expression has been successfully demonstrated in the bean rust fungus Uromyces appendiculatus (Bhairi & Staples, 1992) , the wheat stem rust pathogen P. graminis (Schillberg et al., 2000) and most recently in P. triticina (Webb et al., 2006) . Work in our laboratory has shown that changes in disease phenotype can be accomplished using biolistics.
Conclusions
Most pathogen AVR genes are thought to have a role in pathogenicity. However, some have also been shown to have an effect on aggressiveness (Leach et al., 2001) . To date, no AVR genes have been isolated from the cereal rust fungi, but promisingly several have been isolated from nonbiotropic fungi such as AVR4 of Cladosporium fulvum (Joosten et al., 1994) , AVR9 (van Kan et al., 1991; van den Ackerveken et al., 1992) , M. lini AVR-Pita (Orbach et al., 2000) and M. lini AvrM, AvrP4 and AvrP123 . The molecular details of several rust resistance genes are in hand. Although extremely important, these data provide insight into only one half of the complicated pathosystem puzzle; however, the possibility of isolating and characterizing racespecific and nonrace-specific elicitors should be realized in the near future. Isolating genes encoding nonspecific elicitors may provide targets for engineering nonspecific resistance genes in plants. Similarly, characterization of genes involved in metabolic processes may provide targets for the rational design of antifungal compounds. Cloning of AVR genes will also allow for monitoring changes in the population that would lead to the pathogen overcoming the R gene.
